The purpose of this study is to propose a nonlinear viscoelastic model for sports surfaces and an identification method of this model. Although various models have been proposed to represent the behavior of rubber materials, some models represent only the material's elastic behavior, while other models deal with viscoelastic behavior but have problems in the computer simulation of that behavior. The model proposed in this study can represent viscoelastic behavior well and also has stability of computer simulation. In the identification methods, four types of drop weights, which have different mass and damping material for producing a wide range of impact durations and impact intensities, are used for impact tests. The impact force, velocity and deformation are measured in each impact test, the parameters of the elastic element of the model are calculated by the least squares method and then the parameters of the viscous element of the model are calculated from the experimental force and the estimated force produced by the elastic element. The model proposed in this study has high identification accuracy and stability of simulation compared to previous models.
Introduction
Sports surfaces, such as artificial lawns, polyurethane tracks and gymnasium floors, have two important functions. One function is to provide the conditions necessary for athletes to perform well, while the other is to protect athletes from injuries. Especially for preventing injuries, the shock attenuation property of the material must be taken into account during the product design and evaluation. To evaluate surface properties, the mechanical drop-mass tests are performed to examine the vertical shock attenuation. Some organizations, such as the IAAF (1) and DIN (2) , incorporate a mechanical test that has its own testing apparatus. These mechanical tests usually regulate the force reduction of the maximum force and maximum deformations of the impact while evaluating the shock attenuation properties. Although these mechanical tests have highly reproducible and strict criteria, they also have the problem of 'particularity' of the testing conditions. Figure 1 shows two mass-spring models that have exactly the same impact forces when they are dropped onto a concrete floor. Furthermore, there are infinite sets of mass-spring-velocity that can generate the same impact forces. If two mass-spring models are dropped onto the same viscoelastic model, the shock attenuation properties should be different, which means that the mechanical tests only show the response under specific testing conditions. In these tests, the testing conditions would be chosen based on their correspondence with human activities. For example, the IAAF incorporated the 20 kg drop weight, 2000 kN/m spring and 1.0 m/s impact velocity that produces about 6000 N of maximum force and 10 msec impact duration. But, there are a great many patterns that have to be tested, because there is such a wide variety in body sizes and activity types in human activities. Because many types of mechanical tests are expensive to perform, we proposed to evaluate these properties by computer simulation instead of via mechanical tests. To perform the computer simulation, we needed an accurate model of the sports surface to be evaluated. Nigg and Clarke indicated that the mechanical tests do not always produce the same results as the runners tests (3) , (4) that were also performed to evaluate the cushioning properties of the surfaces by the experiments with subjects. Miller suggested that the reason for the difference is that the runner tests were strongly influenced by the boundary conditions, which show the structural properties rather than the material properties (5) . He also suggested what the requirements should be for further investigations of material properties, such as determining the elasticity, and then reported the elastic behavior in previous studies, although he did not mention the viscous element. Other studies reported the behavior of hyperelastic rubber materials used for sport fences (6) , (7) and shoe soles (8) using the Ogden model (9) . However, these studies only dealt with the elastic element and did not represent the dynamic rubber viscoelasticity precisely. We proposed models for sport surfaces that represent the viscoelastic behavior with a nonlinear Voigt model using data from multi-intensity impact tests (10) , (11) . Although these models can represent not only the impact force but also the impact velocity and deformation precisely, sometimes they have problems with stability in computer simulation.
In the previous studies, the multi-intensity impact tests were performed with only one kind of drop mass, which results in the impact time being almost the same from test to test, but the impact intensities vary widely in real human activities. In this study, we propose a model of the sports surface that can represent the wide range of impact durations and intensities. We also propose an identification method of this model by using four types of drop masses in a multi-intensity impact test.
Impact test device and multi-intensity impact test
Figure 2(a) shows a diagram of the impact test device and (b) shows a picture around the sensor unit. The test specimen, test foot and sensor unit were placed on a rigid floor as shown in Fig.2 . The test specimen was 14 mm thick, and it was one of the products certified by IAAF as appropriate for track and field competition. The test foot was made of polyacetal resin, which has sufficient stiffness to withstand the impact test with cylindrical shape, 49.0 mm in diameter, 20.0 mm thick and weighed 52.9 g. The impact sensor unit consists of
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Vol.5, No.6, 2011 the accelerometer and the force transducer. Each drop weight was dropped onto the impact sensor from various drop heights. The impact force and impact acceleration were recorded and then the impact velocity and the deformation were calculated from the impact acceleration by numerical integration. It is obvious that the initial value of the integration could be set to 0 because the sensor unit was completely static state until the weight drop onto the sensor unit. Additionally, the impact deformation was measured by a non-contact displacement sensor directly for the confirmation of each test and numerical integration. Table 1 shows the trial No., mass, damping, average impact durations and average of maximum impact force of each drop weight. As shown in Table 1 , drop weight No.1 had 15 trials, and the other weights had 5 trials each from different drop height. Because in this study we mainly focused on the shock attenuation evaluation for the sport surfaces and shoes, which are mainly used for the shock attenuation against the impact force known as the passive load in running. The 'passive load' is defined as a first peak of ground reaction force during running that is considered to be the cause of many sports injuries. installed a spring and cushioning mat between the impact head and the impact weight in order to produce a prolonged impact force. Despite the impact forces produced by drop weight No.4 were not a single peak forces, these impact forces are able to use the identification because the identification method needs the forces applied to the test specimen and the force transducer attached under the sensor unit can always observe the force. In other words, input force can be applicable not only a simple impact but also a complicated impact, such as ground reaction force in running.
Exponential function type nonlinear Voigt model
In Fig. 4 , the reaction force of the nonlinear elastic element − f k and that of the nonlinear viscous element − f c are represented by the following equations when the impact force F was applied to the test specimen via the test foot:
Here, m is the mass of the test foot, f is the force applied to the specimen, f k is the force generated by the nonlinear elastic element and f c is the force generated by the nonlinear viscous element. In Eq. the function in Eq.(2). In previous proposed models (10) , (11) , the identification accuracy has relatively high by incorporating polynomial function, but these models sometimes show the instabilities of simulation because they have complicated force curves near zero both in f k and f c . Therefore, we decided to incorporate an exponential function to represent not only f k but also f c . As shown in Eq. (3), this model has a novel viscous element consisting of the product of deformation and deformation velocity as the exponential function. Incorporating exponential function leads the capability of representing the complicated viscous force f c by using deformation velocity and deformation. Additionally, it also leads the easy way to calculate the parameters because both of Eqs. (2) and (3) can be transformed to the sum of the logarithms of the factors.
Parameter identification using the multi-intensity impact test
In the multi-intensity impact test, force f , deformation velocityẋ and deformation x at every sampling moment are acquired as a data set ( f,ẋ, x). And {( f,ẋ, x)} i is defined as a set of time series data in ith impact test. Furthermore, {( f,ẋ, x)} is defined as a unified data set that contains all impact tests from {( f,ẋ, x)} 1 to {( f,ẋ, x)} n . By extracting the data sets whose value ofẋ equals 0 from the unified data set {( f,ẋ, x)} , the extracted data set {( f,ẋ, x)} ẋ=0 becomes a set of {( f k , x)} because f equals f k if f c is 0 in Eq.(1). The parameters in Eq. (2) are identified by the least squares method after transformation from the exponential function to the sum of the logarithms of the factors. Figure 5 shows the extracted data sets {( f k , x)} and the estimated force-deformation curve calculated by the least squares method.
To identify the parameters of the f c element in Eq. (3), we calculated the force f c by subtracting force f k from the force f at every sampled data set. Then, by using the data set of force, deformation velocity and deformation {( f c ,ẋ, x)} , the parameters of the f c element in Eq.(3) are calculated by the least squares method after transformation from the exponential function to the sum of the logarithms of the factors.
Considerations of identification accuracy and the comparison between various models
To examine the advantages of the new model, we compared the identification accuracy of the previous models with that of the new model.
Evaluation method for the identification accuracy
The accuracy of identification for each impact test was evaluated by the relative standard error (RSE) as follows: 
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where f i is the experimental force at the moment i,f i is the estimated force at the moment i,f is the average force of an impact test and n is the number of data. Overall identification accuracy was evaluated by the mean relative standard error (MRSE), which was calculated as the mean of all RSEs. Table 2 shows the model parameters obtained by the identification method using experimental data. The estimated forcef i calculated from these parameters and the experimental force in trial No.15 and trial No.26 are shown in Fig.6 . Figure 6 Fig.6 (b) , trial No.26 had some submaximal peaks in first half of impact period because the experimental force in trial No.26 was produced by drop weight No.4 that was installed a spring between the impact head and the impact weight as described in §2 and Fig.3 . The estimated force in Fig.6(b) also has submaximal peaks where the experimental peaks were appeared. Although the proposed model does not deal with these peaks explicitly and there are some errors in these peaks, the model might represent such a complicated behavior. As shown in this figure, this model can represent the behavior of the material not only for the low intensity impact with long impact duration but also the high intensity impact with short impact duration. Furthermore, Fig.7 shows a comparison of the experimental and estimated hysteresis curves in trial No.15 and trial No.26, respectively. The inner area of the hysteresis curve shows the amount of mechanical work that is lost by transforming mechanical energy to heat in the transient response. It is obvious that each trial has sufficient accuracy for the hysteresis characteristics. Because of the experimental conditions of trial No.26 described in §2, some spikes are observed in Fig.7(b) . In other words, the experimental deformation also has some fluctuations until the maximum deformation with viscous force fluctuations, it results in the spikes in experimental force in Fig.7(b) if the viscous force was represented with force -deformation curve. Despite the estimated force could not represent these spikes precisely, the model might have possibility for representing these spikes.
Identification accuracy of the exponential function type nonlinear Voigt model

Comparison with the previous polynomial Voigt models in terms of identification accuracy
To consider the advantage of the proposed model in this study, we compared the identification accuracy of the three types of nonlinear polynomial Voigt models proposed in previous studies (10) , (11) with that of the model proposed in this study. Although the elastic elements in
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Vol.5, No.6, 2011 these models have high accuracy and the results of the identification of the elastic parts are almost the same, the models differ in how they treat the viscous element. The three types of nonlinear polynomial models in previous papers are represented as follows:
( 1 ) Nonlinear polynomial model with symmetrical viscosity (Model A)
( 2 ) Nonlinear polynomial model with asymmetrical discontinuous viscosity (Model B)
( 3 ) Nonlinear polynomial model with asymmetrical continuous viscosity (Model C)
where k i and c j are the polynomial series of the elastic and viscous elements, respectively, and cc i and cr j are the polynomial series in a compression phase and restore phase in model B, respectively. In this paper, all of the polynomial functions are set to seven degrees. This means that the elastic and viscous elements in each model have seven coefficients for the identification. Figure 8 shows the RSE of each trial in these models against the mean impact force of each trial. The line color shows the model type, and the line type shows the drop weight for each model. Table 3 shows the MRSE of each line in Fig.8 . Despite the fact that the accuracy of model A is slightly better than that of model D with drop weight No.3, it is apparent that model D has the highest identification accuracy compared to the other models for various impact durations and intensities, especially in the case of high intensity impacts produced by the drop weights No.1 and No.2. The impact range produced by drop weights No.1 and No.2 corresponds to the so-called 'passive load' in ground reaction force that occurs during human running. Obtaining high accuracy in this impact range is very important because the impact of the passive load is considered to be the origin of runner injuries. And the shock attenuation tests performed by various organizations mainly focused on this range of impacts.
Vol.5, No.6, 2011
Comparison between the previous models and the proposed model in terms of the viscous element
As shown in Fig.7 , Fig.8 and Table 3 , the proposed model can represent the behavior of the hysteresis well and has greater accuracy than previous models. The main difference between the proposed model and the previous models is the accuracy in terms of the viscous element. Figure 9 shows the experimental viscous force, which is calculated by subtracting estimated force f k from experimental force f and the estimated viscous force f c in each model in trial No.4. Because the estimated elastic forces f k s are almost the same in all models, the experimental viscous force represented by the blue line in the figure might be the same for all models. As shown in Fig.9 , models B, C and D have anisotropic properties in terms of the deformation velocity. Model D is the only model that can represent the loop behavior in the compression phase, because the viscous element in model D is represented by a function of the deformation and the deformation velocity described as Eq. (3). This charac- Vol.5, No.6, 2011 teristic of the model results in high accuracy of identification and the ability to represent the hysteresis shown in Fig.7 . Additionally, Fig.10(a) Fig.10(a) , the blue line shows the experimental viscous force and the red dot on the blue line with characters from 'a' to 'j' show the time sequence corresponding the characters in Fig.10(b) . Similarly, the red line with blue dot with characters show those of estimated viscous force f c as well. However the period between 'd' and 'e' in both experimental and estimated force have discontinuities in Fig.10(a) , there are no obvious discontinuities in Fig.10(b) as plotted force-time curve. Discontinuities in Fig.10(a) is caused by a fluctuation of deformation velocity. As shown in the lower part of Fig.10(b) , the deformation velocity between 'd' and 'e' is increasing once and then decreasing again. This leads the edged shape in the estimated force between 'd' and 'e' in Fig.10(a) . Furthermore, a loop is observed in the period where the deformation velocity is plus because of the anisotropic characteristics of f c . These results indicate that the viscous force f c should be separated into four phases in terms of the deformation velocity with increasing and decreasing periods in compression phase and then with decreasing and increasing periods in restore phase. In other words, the difference of force f c was observed between the increasing phase and the decreasing phase even if the same deformation velocity in compression phase. And the restore phase as well. The reason for making a loop in viscous force f c could be considered that the sports surfaces sometimes has the complicated structure such as multi-layered composite with non-flat surface forming, etc. Despite the complicated behavior, the proposed model in this study suppose to represent it as the viscous force. To represent these characteristics with the model, the proposed model in this study incorporates the interactive relationship between deformation velocity and deformation to represent the viscous force f c as described in Eq.(3). Incorporating the relationship not only the deformation velocity but also the deformation into the viscous force f c lead to an improvement of identification accuracy compare to the previous models. To compare the accuracy of viscous force, the average differences between the experimental force f − f k and the estimated force f c of each model is calculated. The differences in model A, B, C and D are 30.83 N, 30.64 N, 28.93 N and 21.65 N, respectively. It is clear that the proposed model has better identification accuracy than other models. Additionally, the maximum experimental force and average force of this trial is 1169.1 N and 628.7 N, respectively. Therefore, the relative error of viscous force of model D against the maximum force and average experimental force are 1.85 % and 3.44 %, respectively. This indicates that the model D has higher accuracy in terms of viscous force compare to other models and the error of viscous force is relatively very small against the maximum force and the average force.
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Stability of simulation
To evaluate the cushioning properties with a simulation method, stability of the simulation is very important. Although the polynomial models might have slightly better identification accuracy than that of the proposed model for drop weights No.2, No.3 and especially No.4, instability of the simulation was often observed in all of the polynomial models, especially when the identified function for f c had rapid dropping at the beginning of deformation velocity in the compression phase. On the other hand, model D maintains the stability of the simulation, because both the elastic and viscous elements in model D are represented by the increasing function, i.e. the exponential function.
Conclusions
The proposed exponential function type Voigt model can be applied to a wide range of intensities and a wide range of impact duration for rubber viscoelastic material that has hysteresis characteristics. This model has an advantage of high accuracy and stability of the simulation compared to the nonlinear polynomial type Voigt models proposed in previous studies.
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